Abstract The effective treatment of coronary artery disease targets two distinct goals, controlling symptomatic angina and decreasing the adverse events associated with ischemia. Traditional anti-anginal and antiischemic drugs function by altering the determinants of myocardial oxygen supply or demand, usually by altering loading conditions, changing the heart rate, or impacting contractility. Blockade of the late inward sodium current, late I Na , offers another target for the treatment of ischemia. Blockade of late I Na reduces the sodium and calcium overload that follows ischemia. This improves myocardial relaxation and reduces left ventricular diastolic stiffness, in turn enhancing myocardial contractility and perfusion. Ranolazine, a late I Na inhibitor, has been shown to provide both anti-anginal and anti-ischemic benefits without significant alterations in the heart rate and blood pressure in patients with stable coronary artery disease. When evaluated in patients with acute coronary syndrome, ranolazine has been shown to decrease recurrent ischemia, but not significantly reduce the risk of death or myocardial infarction. This review will address the rationale that inhibition of the late sodium current is beneficial in reducing cardiac dysfunction during ischemia, and discuss the clinical studies supporting the use of ranolazine for its anti-anginal and antiischemic effects.
Introduction
Coronary artery disease (CAD) is the leading cause of death in the United States, and due to the epidemic of obesity and diabetes, ischemic heart disease is overtaking infectious disease as the leading cause of death worldwide [1] . There are two goals in the optimal treatment of CAD. The first is to diminish the progression of disease, thereby reducing the risk of future myocardial infarction (MI) or cardiovascular death. The second goal is the relief of symptoms by reducing angina and improving functional status and quality of life [2] . This review examines treatment of CAD by modifying the late sodium current in the heart with the drug ranolazine.
Anti-ischemia medications have previously focused on optimizing the determinants of the myocardial oxygen supply to demand balance. As myocardial oxygen extraction is maximal even at rest, the only method to improve the balance pharmacologically has been to reduce myocardial oxygen demand. This can be achieved by several mechanisms including lowering heart rate, decreasing afterload or decreasing blood pressure, decreasing myocardial contractility, or decreasing preload. Traditional anti-anginal medications, including beta-blockers, nitrates, and calcium channel blockers, work by one of these mechanisms as described in Table 1 . Despite improving ischemic symptoms, none of these classes of medications have demonstrated superiority over placebo for preventing death or MI in patients with chronic angina without previous MI or reduced left ventricular function [3] .
Many patients with angina require multiple medications to sufficiently control their symptoms. However, dose titration and the use of additional agents is often limited by side effects, namely hypotension or bradycardia [4] . Thus, additional and alternative therapeutic approaches for the treatment of CAD symptoms are necessary.
This review will address the rationale that inhibition of the late sodium current is beneficial to reduce the cardiac dysfunction during ischemia and will discuss the clinical studies supporting the use of ranolazine for its anti-anginal and anti-ischemic effects.
The Role of the Late Sodium Current in Ischemia
A hallmark of myocardial ischemia is the imbalance of oxygen supply and demand leading to the dysregulation of ionic homeostasis in the cardiomyocyte. Available cellular energy production, in the form of adenosine triphosphate (ATP), rapidly decreases during ischemia, leading to a reduced energy supply for several important proteins involved in excitation-contraction coupling. Among these proteins is the Na + /K + ATPase which is crucial in maintaining the normal resting membrane potential. If ischemia is prolonged and severe, intracellular ATP levels will decrease and the Na + /K + ATPase will be unable to maintain the normal resting membrane potential. Eventually, these events will lead to marked cellular depolarization, and cell death [5] . An early event during ischemia is the rise in the intracellular sodium concentration and a decrease in intracellular pH [6] . There are several mechanisms by which this occurs.
In normal myocytes, initial electrical activation triggers entry of sodium through the membrane sodium channel generating the fast upstroke of the action potential. This early sodium rush causes further membrane depolarization leading to activation of voltage gated L-type calcium channels and influx of calcium into the cytosol. During normal conditions, sodium channels are rapidly inactivated followed by a fast recovery, allowing them to be activated again by a subsequent action potential. Following electrical activation, other ion channels also open, including calcium channels, and allow calcium ions to enter the cell during the plateau phase of the action potential triggering the release of large stores of calcium from the sarcoplasmic reticulum. The increased concentration of cytoplasmic calcium initiates the interaction between the contractile filaments, actin and myosin, leading to cellular contraction. After contraction, calcium ions are actively pumped back into the sarcoplasmic reticulum and cellular relaxation occurs. This mainly occurs through the sarcolemmal Na + /Ca 2+ exchanger that normally exchanges 1 calcium ion for 3 sodium ions per cycle [7] . This exchanger can function in two different directions. In its forward mode, it eliminates calcium outside the cell to accomplish diastolic relaxation and calcium reuptake into the sarcoplasmic reticulum. During its reverse mode, it transports calcium into the cell in exchange for transsarcolemmal elimination of sodium. The activity and direction of transport depend on the pattern of protein expression, the membrane potential, and the intracellular sodium and calcium concentration [7] .
The initial inward sodium current can be altered in several conditions such as hypoxia, heart failure, or when exposed to metabolites such as reactive oxygen species [8] . Under these conditions, there is late opening, or possibly re-opening, of the sodium channels after inactivation leading to late influx of sodium ions [9] [10] [11] . This is referred to as the late inward sodium current (late I Na ). Although changes in the intracellular sodium concentration do not directly alter myofilament contraction, the increase in intracellular sodium leads to increased exchange of intracellular sodium for calcium through the sodium/calcium exchanger mechanism. When calcium concentrations increase, there can be diastolic activation of contractile proteins causing tonic contraction and increased energy consumption in an already energy-depleted myoctye [12] . Then, with increased diastolic tone, there can also be increased resistance to blood flow in the microcirculation resulting in worsening oxygen delivery. Eventually, a vicious cycle is set up where diastolic dysfunction after ischemia increases energy consumption and aggravates oxygen delivery to already hypoxic tissues (Fig. 1) . While traditional anti-anginal drugs act by BP blood pressure, verap/dilt verapamil/diltiazem, 0 no effect mitigating the initial development of ischemia, ranolazine has a different mechanism of action, as described below.
Ranolazine: Mechanism of Action
Ranolazine is a potent inhibitor of the late sodium current. It interrupts an important step in the pathophysiology of ischemia by protecting against intracellular ion dysregulation. Ranolazine was first believed to be effective as an antianginal drug by inhibiting metabolism of free fatty acids, but it has become clear that this effect only takes place at serum concentrations higher than those achieved in clinical use [13, 14] . A more important mechanism of action is the prevention of both calcium overload and the subsequent increase in diastolic tension due to inhibition of the late inward sodium channel [15, 16] . In cardiomyocytes from guinea pigs and dogs, ranolazine has been shown to cause a concentration-dependent, voltage-dependent, and frequencydependent inhibition of the late I Na [17] . Given the normal rapid inactivation of the inward sodium channel in normal cardiac myocytes, the drug does not exert a significant effect on normal myocardium at the usual anti-anginal doses of up to 1,000 mg twice daily. Its effectiveness is heightened, however, under conditions of ischemia.
There is clinical evidence in humans that ranolazine functions as an anti-anginal drug in humans without impacting the traditional targets of myocardial oxygen demand, heart rate and blood pressure. As part of the Monotherapy Assessment of Ranolazine in Stable Angina (MARISA) trial (described in more detail below), patients were exercised at four different exercise levels on and off ranolazine. In the study, ranolazine produced a dose-dependent reduction in ST-segment depression that became more marked as exercise-induced ischemia became more pronounced, with only minor decreases in heart rate or blood pressure. At 12 min of exercise, for instance, the amount of STsegment depression compared with placebo, and controlled for the rate-pressure product, was reduced by 22.3 % on ranolazine 500 mg twice daily, by 35.4 % on 1,000 mg twice daily, and by 45.8 % on 1,500 mg twice daily. This progressive reduction in ischemia was more substantial than the minor changes in heart rate of blood pressure, leading to the conclusion that ranolazine acts via a mechanism independent from its effect on heart rate or blood pressure [18] (Fig. 2) .
While improvement in diastolic function and reduction in diastolic wall tension leading to decreased oxygen consumption and ATP utilization are thought to be the main mechanism of action underlying the beneficial effects of ranolazine, there is only limited clinical data supporting this specific mechanism in humans. Figueredo, et al. have demonstrated improvement in the left ventricular myocardial performance index as measured by Doppler echocardiography in 22 study subjects treated with ranolazine for a mean of 2 months [19] . More recently, Venkataraman, et al. described improvement in both systolic and diastolic left ventricular synchrony in patients treated with ranolazine as measured by single photon emission computed tomographic myocardial perfusion imaging [20] .
Ranolazine in Clinical Use
Ranolazine, or N-(2,6-dimethylphenyl)-4(2-hydroxy-3-[2-methoxyphenoxyl]propyl)-1-piperazineacetamidedihidrochloride, was patented in 1986 and was approved by the US Food and Drug Administration in January 2006 for patients who remain symptomatic while on standard anti-anginal therapy. It is also available in the European Union. Ranolazine is available as film-coated sustained release tablets. The half-life for the extended release tablets is approximately 7 h. Steady state concentrations are generally achieved within 3 days of twice daily dosing [21] . The drug is metabolized mostly by the cytochrome P450 enzyme CYP3A4 and to a lesser degree by CYP2D6, with approximately 5 % excreted unchanged by the kidney. Drug clearance is reduced in patients with moderate to severe renal insufficiency. Given the CYP3A enzymatic system's role in the metabolism of a number of other important drugs, ranolazine should be used with caution with diltiazem, ketoconazole, verapamil, macrolide antibiotics, HIV protease inhibitors, and others. Ranolazine also is a substrate and inhibitor of P-glycoprotein. Verapamil, which inhibits Pglycoprotein, inhibits absorption of ranolazine, with a consequent increase in plasma levels. Ranolazine also increases plasma digoxin levels.
Efficacy and Clinical Trials in Stable Angina
Early studies of ranolazine in patients with stable angina were performed using the immediate-release formulation of the drug, whereas more recent studies have used the sustained release formulation.
Immediate Release Formulation in Stable Angina
An early study examined the immediate release form of ranolazine at reasonably low doses [22] . Utilizing a randomized, double-blind, placebo-controlled, crossover design, 312 patients with chronic stable angina were withdrawn from other anti-anginal medications, and were treated with ranolazine 400 mg twice daily, 400 mg three times daily, or 267 mg three times daily, or placebo. Patients exhibited an improved total duration of exercise on ranolazine compared to placebo. However, the immediate release formulation did not provide continuous protection, and only provided shortterm improvements in exercise duration, time to the onset of angina during exercise, and time to 1-mm ST segment depression during exercise.
Another study of the immediate release formulation of ranolazine was performed in nine centers across the US and Canada comparing the impact of the drug against atenolol (100 mg daily) and against placebo in patients with chronic stable angina and documented ST-segment depression with exercise testing [23] . In this study, ranolazine significantly reduced anginal episodes and nitroglycerin use, as well as significantly improving time to exercise-induced ischemia. Again this occurred without a significant change in ratepressure product compared to placebo, in contrast to what occurred with atenolol. In the atenolol group, subjects had significantly decreased blood pressure, heart rate, and ratepressure product at rest and during exercise compared with placebo or ranolazine.
Sustained Release Formulation in Stable Angina
Three randomized controlled trials have evaluated the extended release form of ranolazine in patients with chronic, stable angina. One trial, the Monotherapy Assessment of Ranolazine in Stable Angina (MARISA) evaluated ranolazine as an anti-anginal alone, while the Combination of Ranolazine in Stable Angina (CARISA) and Efficacy of Ranolazine in Chronic Angina (ERICA) trials evaluated the impact of ranolazine on a background of other antianginal agents.
Monotherapy-MARISA
The MARISA trial investigated the effect of the sustainedrelease formulation of ranolazine as single agent therapy for angina [24] . The trial enrolled 191 patients with chronic exertional angina and reproducible ischemia on exercise testing in a 4 week, double-blind, placebo-controlled, cross-over trial at doses of 500 mg twice daily, 1,000 mg twice daily, or 1,500 mg twice daily. All three dosing regimens resulted in significant increases in exercise duration, exercise time to angina, and exercise time to 1-mm ST segment depression. The results were dose dependent, although the benefit was somewhat attenuated at 1,500 mg twice daily dosing (Fig. 3) .
Combination Regimens-CARISA, ERICA
In the CARISA trial, 823 patients receiving background anti-anginal therapy with either a calcium channel blocker or atenolol were randomly assigned to placebo or one of two doses of ranolazine (750 or 1,000 mg twice daily) [25] . After 12 weeks of therapy, both doses of ranolazine significantly increased the total exercise time, the time to onset of angina during exercise, and (at peak ranolazine blood level) the time to ST-segment depression. Angina frequency was also reduced by 0.8 and 1.2 episodes per week (at the 750 mg and 1,000 mg doses, respectively) compared to placebo. There was no evidence of differential treatment effects based on the different background anti-anginal therapy a patient was receiving. In a recent substudy of those subjects on maximally tolerated beta-blocker or calcium channel blockers at the time of enrollment, a similar reduction in the number of angina attacks per week was seen [26] .
Adverse events were reported in 26 % of patients in the placebo group, 31 % of patients in the 750 mg group, and 33 % of patients in the 1,000 mg group. The most common dose-related effects were constipation, dizziness, nausea, and asthenia. There was a small, dose-related increase in the QTc interval of 6.1 and 9.2 milliseconds in the 750 mg and 1,000 mg groups, but no clinically evident arrhythmias.
The ERICA is a more recent trial evaluating the effects of ranolazine in 565 patients who had persistent angina on a background of maximum dose amlodipine (10 mg daily) [27] . In the trial, patients were also allowed to continue on long acting nitrates, but not beta-blockers. At baseline, the patients had 5.6 episodes of angina per week. Ranolazine was administered at 1,000 mg twice daily, and this regimen was compared to administration of placebo. Compared to placebo, ranolazine significantly reduced the number of weekly angina episodes (from 3.31 episodes per week on placebo to 2.88 episodes per week on ranolazine) as assessed using the Seattle Angina Questionnaire (Fig. 4) .
The effect of ranolazine was consistent across the subgroups analyzed, including those on long-acting nitrates compared to those who were not, men compared to women, and patients older than 65 years compared to those younger than 65. Interestingly, patients with more than 4.5 episodes of angina weekly at baseline (the median) saw a more marked improvement with the drug than those who began the study with less frequent angina. This finding supports the idea that ranolazine is more effective in blunting the effects of ischemia when ischemia is actually present, rather than as a preventive measure.
Unstable Angina/NSTEMI-MERLIN-TIMI 36
The MERLIN-TIMI 36 trial has addressed the value of using ranolazine in the setting of non-ST segment elevation acute coronary syndrome (ACS) instead of stable angina [28] . The trial enrolled 6,560 patients within 48 h of ischemic symptoms who were treated with ranolazine or placebo both during the acute phase of management of their presenting ACS, as well as during the chronic phase of secondary prevention (median duration approximately 1 year). Patients were initially treated with an intravenous formulation of ranolazine followed by 1,000 mg of the oral, extended-release formulation twice daily. The primary analysis of the trial showed no significant difference in the rate of the primary endpoint of cardiovascular death, MI, or recurrent ischemia between ranolazine and placebo (26.3 % vs. 30.1 %, hazard ration 0.92, 95 % CI 0.83 to 1.02; p00.11).
Analysis of the individual components of the primary endpoint revealed that ranolazine had no impact on the rate of death or recurrent MI (12.9 % vs. 13.7 %, p00.87). However, ranolazine did reduce recurrent ischemia (17.3 % vs. 20.0 %, HR 0.87, 95 % CI 0.76-0.99). Assessment of the other endpoints reflecting the anti-anginal properties of the drug demonstrated a 23 % reduction in the rate of worsening angina and a 19 % reduction in the need for any additional or increase in anti-anginal therapy in the ranolazine group compared to placebo.
While the overall results of the MERLIN-TIMI 36 trial did not alter the standard of care for patients with ACS, the study does provide some evidence for the anti-ischemic properties of ranolazine in a larger and less selected population of individuals with coronary artery disease than did the MARISA, CARISA, or ERICA trial described above.
In a substudy analysis that stratified patients within the MERLIN-TIMI 36 study based on the brain natriuretic peptide (BNP) measurements obtained at the time of randomization [29] , patients who had elevated BNP over 80 pg/mL experienced a significantly higher incidence of cardiovascular death, MI, or recurrent ischemia compared to those with BNP less than 80 pg/mL. Interestingly, those with higher BNP seemed to benefit more from exposure to ranolazine. In patients with BNP >80 pg/ml, ranolazine reduced the composite endpoint of cardiovascular death, MI, and recurrent ischemia (hazardratio [HR]: 0.79; 95 % confidence interval [CI]: 0.66 to 0.94, p00.009). Initial elevated BNP levels on presentation likely reflect diastolic stiffness resulting from more severe or prolonged ischemia. Thus, this substudy provides further evidence of enhanced efficacy in more severely ischemic patients.
In the course of ACS, ranolazine also had a significant effect in preventing ventricular arrhythmias and atrial arrhythmias in the study population of high-risk patients with non-ST segment elevation ACS [30] . In patients treated with ranolazine, there was a 3 % lower frequency of ventricular tachycardia, a 10.3 % lower incidence of supraventricular tachycardia, and a 0.7 % reduction in new onset atrial fibrillation. While some of this anti-arrhythmic effect may be related to direct effects on the late I Na , minimizing ischemia may also be one of the anti-arrhythmic mechanisms of the drug.
Due to the size of the MERLIN-TIMI 36 trial, the safety of ranolazine in ischemic patients was confirmed during this clinical trial. There was no difference in mortality between patients treated with ranolazine versus placebo. There was also no difference in sudden death. Discontinuation of the drug due to an adverse event also occurred more frequently in the ranolazine group compared to the placebo group (8.8 % vs. 4.7 %, p<0.001). The most frequent adverse events were dizziness (13 % with ranolazine vs. 7 % with placebo), nausea (9 % vs. 6 %), and constipation (9 % vs. 3 %). Syncope did occur more frequently in the ranolazine group than the placebo group (3.3 % vs. 2.3 %, p00.01). Most of these were thought to be due to vasovagal episodes. There were only two cases of torsades de pointes noted in the study, one case in each group despite the expected QTc prolongation.
Post-Percutaneous Coronary Intervention (PCI)
Recently, a pilot randomized clinical trial has evaluated ranolazine in the setting of PCI in order to attempt to reduce peri-procedural ischemia. Seventy patients undergoing elective PCI were randomized to treatment with ranolazine or placebo for 7 days prior to the PCI procedure. The group pretreated with ranolazine was found to have fewer periprocedural MIs (6 % vs. 22 %, p00.041) and less release of troponin I. These data are the first to suggest that ranolazine is effective in decreasing the incidence of myocardial injury during PCI [31] .
Ranolazine in Women with Ischemia but Without Obstructive CAD
There is some suggestion in the literature that ranolazine may be particularly effective in the prevention of ischemia for women, particularly those without documented obstructive CAD. In a substudy of the MERLIN-TIMI 36 trial [32] , women were noted to have less significant epicardial CAD disease than men. However, women were more likely to have an elevated B-type natriuretic peptide, more likely to have worse median angina frequency scores, and more likely to have had an ischemic episode on continuous ECG during the first 7 days of the study compared to men. Despite these differences, ranolazine treatment in women was still associated with a significant reduction in recurrent ischemia (13.0 % vs. 18.2 %, p00.002).
More recent data supports the possible use for ranolazine in women with evidence of myocardial ischemia in the absence of obstructive CAD. A pilot, randomized controlled trial was performed where 20 women with ≥10 % ischemic myocardium on adenosine stress cardiac magnetic resonance imaging (MRI), but no evidence of obstructive CAD on angiography were randomized to ranolazine or placebo. Patients treated with ranolazine had significantly better scores on the Seattle Angina Questionnaire in areas of physical functioning, angina stability, and quality of life. There was also a suggestion of improvement in the quantitative myocardial perfusion reserve index in those women with coronary flow reserve ≤3 who were treated with ranolazine compared to placebo [33] .
QTc Prolongation
Ranolazine can increase the duration of the action potential and the QT interval [34] . Although prolongation of the QT interval is apparent on electronic analysis of populationwide ECGs, the average prolongation in a given patient might be difficult to pick up in view of the normal intrapatient variability. The mean prolongation on ranolazine is up to 10 msec in patients treated with 500 to 1,000 mg twice daily. While QTc prolongation has been observed, an increase in significant arrhythmias has not been seen across the MARISA, CARISA, ERICA and MERLIN-TIMI 36 studies [25] [26] [27] [28] . Interestingly, in the MERLIN-TIMI 36 trial, ranolazine significantly reduced the rate of a prespecified set of arrhythmias during the first 7 days of treatment compared to placebo (73.7 % vs. 83.1 %, p<0.001) [30] . With regard to ventricular tachycardia, fewer patients on ranolazine had an episode of ventricular tachycardia lasting ≥8 beats (5.3 % vs. 8.3 %, p<0.001) compared to placebo. There were also significant decreases in the rates of new-onset atrial fibrillation, supraventricular tachycardia, or pauses ≥3 s.
The prolongation of the QT interval with ranolazine results from modest inhibition of the I Kr that is partially counterbalanced by the effect of ranolazine on late I Na . A study in isolated guinea pig hearts measured the effects of ranolazine alone and in the presence of anemone toxin, whose action mimics the sodium channelopathy associated with long QT syndrome. Although ranolazine prolonged the duration of the action potential, it reduced ventricular arrhythmias caused by agents that increased the late sodium current [35, 36] .
Summary
Ranolazine is an anti-anginal agent that is effective via its effect on the late I Na , independent of its effect on heart rate and loading conditions. Evidence of its clinical efficacy has been demonstrated in trials in chronic stable angina when used as a sole anti-anginal or in combination with other, more traditional agents. Ranolazine has also been studied in the setting of ACS, where it has not been shown to be effective in modifying the natural history of CAD, but its anti-ischemic properties and safety have been confirmed. At present, ranolazine is approved for use as first line therapy for chronic stable angina and is suitable for use as first line therapy when low heart rate or blood pressure limits the use of the other, more conventional, anti-anginal agents. Ranolazine is also particularly effective as an adjunctive therapy in patients without adequate symptom relief from conventional anti-anginal therapies, particularly beta blockers, nitrates, and calcium channel blockers.In non-ST-segment elevation ACS, it reduces ischemia, but has no effect on mortality thus limiting its use compared to other agents, particularly beta blockers. There is emerging evidence that ranolazine may be useful in the future for myocardial protection during PCI or in the treatment of the subset of patients with documented ischemia on functional cardiac testing, but no obstructive CAD on angiography. At present, there is insufficient data in these areas to recommend routine use.
Overall, ranolazine has been shown to be effective in improving symptoms, quality of life, and multiple objective measures of ischemia in patients with stable coronary artery disease. We recommend its use as an adjunctive therapy when limited by low heart rate or hypotension with the use of other anti-anginals including beta-blockers, nitrates, or calcium channel blockers. We do not recommend its routine use during ACS at this time. More studies are needed to definitively address other possible indications with regard to the prevention of ischemia.
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